Abstract Reaching to grasp an object for support is a common and functionally important response to sudden balance perturbation. The need to react very rapidly (to prevent falling) imposes temporal constraints on acquisition and processing of the visuospatial information (VSI) needed to guide the reaching movement. Previous results suggested that the CNS may deal with these constraints by using VSI stored in memory proactively, prior to perturbation onset; however, the extent to which online visual control is necessary or sufficient to guide these reactions has not been established. This study examined the speed, accuracy, and effectiveness of perturbation-evoked reachto-grasp reactions when forced to rely entirely on either online-or stored-VSI by using liquid-crystal goggles to occlude vision either before or after perturbation onset. The reactions were evoked, in twelve healthy young adults, via sudden unpredictable antero-posterior platform translation (barriers deterred stepping reactions). Prior to perturbation onset, a small cylindrical handhold was positioned unpredictably (by a motor-driven device) at one of four locations in front of the subject. Results indicated that equilibrium could be recovered successfully by grasping the handhold using either online-VSI or stored-VSI to guide the arm reaction; however, both sources of VSI were required for optimal performance. Reach initiation and arm movement were slowed when dependent on online-VSI, whereas reach accuracy and grip formation were impaired when dependent on stored-VSI. Comparison with normal-VSI trials suggests that both sources of VSI are utilized when grasping a small handhold for support under normal visual conditions, with stored-VSI predominating during initiation/transport and online-VSI contributing primarily to final target acquisition/prehension.
Introduction
Rapid reach-to-grasp reactions are a prevalent response to sudden balance perturbation and can play an important role in preventing falls (McIlroy and Maki 1995; McIlroy 1997, 2005; Maki et al. 1998; Bateni et al. 2004; Marigold and Misiaszek 2009) . To execute such a reaction, it is necessary to identify and locate a suitable handhold and to use this visuospatial information (VSI) to guide the reaching movement. Studies of volitional goal-directed arm movements have clearly revealed a natural propensity for online visual control, wherein visual fixation of the target is used to guide the hand toward it (Prablanc et al. 1979; Carnahan and Marteniuk 1991; Abrams 1992; Haycoe and Ballard 2005; Land 2006 ). It is not clear, however, the extent to which online visual control can contribute to guiding the rapid reach-to-grasp balance-recovery reactions evoked by a sudden unpredictable balance perturbation, which are initiated and executed much more rapidly than volitional arm movements (McIlroy and Maki 1995; Maki and McIlroy 1997; Gage et al. 2007 ). The urgent need to react very rapidly in order to prevent a fall imposes temporal constraints that may limit the capacity to acquire and process the needed VSI online, that is, after the onset of the balance perturbation King et al. 2011) .
Recent studies of arm reactions evoked by a truly unexpected balance perturbation while ambulating in an unfamiliar environment did, in fact, show that the reach-tograsp movements were invariably executed in the absence of concurrent visual fixation of the handrail (King et al. , 2011 . Most subjects did, however, fixate briefly on the handrail one or more times upon first entering the environment. This has led to suggestions that the CNS may guide these arm reactions using VSI stored in spatial working memory. The needed VSI, regarding the location of potential handholds (as well as other salient objects), would be acquired and stored automatically as a contingency, through natural exploratory gaze behavior, as the person enters or moves through the environment (King et al. , 2011 . This stored-VSI would then allow the hand to be moved very rapidly toward the nearest available handhold, if and when an unexpected balance perturbation occurs.
The capacity to use stored-VSI to guide effective reachto-grasp reactions is supported by a study in which liquidcrystal goggles were used to occlude vision for a 200-ms interval at time of balance perturbation onset (Ghafouri et al. 2004) . It was shown that the initiation of the grasping reaction was unaffected by the blocking of online visual feedback. However, because vision was occluded only during the initiation of the arm movement, this study did not address potential contributions of online visual control during the target acquisition phase, nor did it address the capacity of the CNS to utilize online visual control to plan and execute the initiation of the reach. Such online control could occur, even in the absence of visual fixation of the target handhold, by utilizing VSI from the peripheral visual field (King et al. , 2010 (King et al. , 2011 .
The objective of the current study was to determine the extent to which online visual control is necessary, or sufficient in itself, to execute rapid, accurate, and effective reach-to-grasp reactions in response to sudden unpredictable balance perturbation. To force reliance on online visual control, liquid-crystal goggles were used to occlude vision prior to perturbation onset, and the location of a small graspable handhold was varied unpredictably, while vision was occluded. These ''online-VSI'' trials were compared to ''stored-VSI'' trials in which vision was occluded at the time of perturbation onset (thereby forcing a reliance on VSI acquired prior to perturbation onset) and to ''normal-VSI'' trials in which vision was not occluded.
In view of the temporal constraints noted above, we anticipated that response initiation would be governed primarily using stored-VSI. Therefore, we hypothesized that: (1) there would be little difference between normal-VSI and stored-VSI trials in the timing and spatial features of the early portion of the reaching movement; and (2) response initiation would be delayed and arm movement would be slowed in online-VSI trials. The latter effects would presumably serve to ''buy'' more time to acquire and process the VSI needed to select the appropriate limb and to plan the initial limb trajectory. Conversely, we anticipated that target acquisition would be governed primarily using online-VSI, as a consequence of the rapid decay in the accuracy of VSI stored in spatial working memory (Elliott and Calvert 1990; Westwood et al. 2003 ) and the need for online visual control to improve reach accuracy (Prablanc et al. 1979) . Therefore, we further hypothesized that mean endpoint accuracy would be reduced, endpoint variability would be increased, and prehension errors would occur more frequently in stored-VSI trials, in comparison with online-VSI and normal-VSI trials.
Methods

Participants
Twelve naïve, right-handed healthy young adults were tested [six male, six female; age, 19-29 years (mean = 23); mass, 48-86 kg (mean = 66); height, 159-186 cm (mean = 172)]. Exclusion criteria included diabetes, neurological or sensory disorders, recurrent dizziness or unsteadiness, use of medications that may affect balance, joint replacement, medical conditions interfering significantly with daily activities, or functional limitations of limb use. All subjects had a Snellen visual acuity of 20/30 or better, without wearing spectacles. Each subject provided written informed consent to comply with ethics approval granted by the institutional review board. All subjects participated in a short and separate balance study involving three gait-perturbation trials (King et al. , 2011 immediately prior to the start of the present study.
Protocol
Balance-recovery reach-to-grasp reactions were evoked by sudden forward (0.12 m, 0.41 m/s, 1.4 m/s 2 ) or backward (0.18 m, 0.6 m/s, 2.0 m/s 2 ) translation of a 2 m 9 2 m computer-controlled motion platform (Maki et al. 1996) .
Each platform translation comprised an approximately square 300-ms acceleration pulse followed immediately by an equal and opposite deceleration pulse. The focus of the study was on the grasping reactions evoked during the backward falling motion induced by forward platform translations; however, to increase unpredictability and deter anticipatory arm movements, we also included backward translations (*30% of trials) and ''catch'' trials (*15% of trials) in which the platform remained stationary for the duration of the trial (*10 s). For safety, subjects wore a harness designed to prevent impact between body and floor without restricting movement or providing somatosensory feedback that could aid in control of balance.
At the start of each trial, a motor-driven device mounted on the platform (Cheng et al. 2009 ) controlled a cylindrical handhold (length = 20 cm, diameter = 3.8 cm) to move along a transverse axis in front of the subject (distance from handhold to back of heels = 33% of body-height; handhold height = 60% of body-height) and to stop unpredictably at one of four locations (left or right of midline; distance from mid-sagittal plane = 50 or 75% of shoulder-width, SW); see Fig. 1. Perturbation-onset was then triggered after a random delay (2-5 s), or not at all (''catch'' trials). To provide moderate visual contrast, the handhold was covered with medium-gray grip tape, while the visual background (floor and wall) was black, with an ambient room-illumination level of *230 lux.
Subjects began each trial facing forward (looking at the handhold, in normal-and stored-VSI trials), with arms resting at sides. They were instructed to recover balance by grasping a marked (with red tape) ''target'' section of the handhold (length = 125% of hand-width) as quickly as possible after onset of platform motion (overhand grasp with hand closest to target), but to refrain from moving their arms if the platform did not move. They were also told that a $50 prize would be awarded to the subject with the quickest responses but that penalties for premature initiation of arm movements (prior to onset of platform motion, or in the absence of any platform motion) would reduce their chances of winning the prize. Instructions not to move the feet, plus foam-rubber barriers (height = 30 cm), were used to deter foot motion and reinforce reliance on reach-to-grasp reactions.
Three visual conditions were tested, using computercontrolled translucent liquid-crystal goggles (Translucent Technologies, Toronto, ON) to occlude vision: (1) prior to perturbation-onset (forcing use of online-VSI), (2) after perturbation-onset (forcing use of stored-VSI), or (3) not at all (normal-VSI). The goggles were custom-modified to hold the liquid-crystal element flush against the orbit of each eye, so as to completely block both central and peripheral vision when activated (opaque) and to permit near-complete field-of-view when deactivated (Scovil et al. 2008) . Goggle activation/deactivation was synchronized with perturbation-onset (platform acceleration [0.1 m/s 2 ). For each visual condition, each subject performed two blocks of fourteen trials comprising (in random order) two forward-translation trials at each of the four handhold locations, two catch (no-perturbation) trials, and four backward-translation trials. Subjects were informed of the visual condition prior to starting each block. Order of the blocks was balanced across and within subjects. To dampen learning effects, seven practice trials were performed, each time a new visual condition was introduced. In addition, five unrestricted-vision trials were performed prior to starting the main protocol.
Data collection and analysis
Video recordings from four cameras were used to determine which arm was used to grasp the handhold, whether a full grasp was achieved (all digits wrapped around the handhold), whether a collision error occurred (contact with back of wrist, hand or digits), and whether the subject attempted to step (by kicking the foam-rubber barriers) or fell into the safety harness (confirmed by load cell on harness cable). Surface electrodes were used to record electromyographic (EMG) activity bilaterally in the anterior deltoid, lateral deltoid, and biceps muscles (band-pass filtered, 10-500 Hz; sampling rate = 1,000 Hz). Reaction time was defined as the earliest EMG onset latency in any of these muscles, as determined by a computer algorithm (McIlroy and Maki 1993) and confirmed by visual inspection. Contact time was detected by force-sensing resistors mounted on the front, back, and top of the handhold (sampling rate = 200 Hz) and confirmed using a hand-velocity criterion (\5% peak velocity), as determined by the motion-analysis system described below. Timing measures were defined relative to onset of platform acceleration ([0.1 m/s 2 ), determined by an accelerometer mounted on the motion platform.
A three-dimensional motion-analysis system (ViconPeak Performance; Englewood, CO) collected kinematic data (sampling rate = 200 Hz; low-pass filtered at 6 Hz using a dual-pass fourth-order filter). Analysis focused on the location and trajectory of each hand (marker on thirdmetacarpal knuckle), relative to markers mounted at each end of the handhold. The hand-marker data were used to determine the maximum resultant velocity, time-to-peakvelocity (relative to the reaction-onset time) and time-afterpeak-velocity (time from peak velocity to handhold contact). The location of the hand marker relative to the center of the handhold target area, at time of handhold contact, was used to define the reach error in each coordinate direction.
Data from the hand marker were also used to describe the trajectory of the reach in the transverse plane. Trajectory data were used to determine: (a) the angle of the initial reach trajectory and (b) the deviation from the ''direct-path'' to the handhold, using a method adapted from studies of volitional reaching (Khan et al. 2003 (Khan et al. , 2006 . The ''direct-path'' was defined as the straightline path connecting the hand position at movement onset (hand velocity [ 5% of peak velocity) to the center of the target region of the handhold. Orthogonal deviation from this direct-path was calculated at increments of 5% of the direct-path distance. The initial trajectory angle was based on the line segment connecting the movementonset hand position to the position of the hand when it had moved 5% of the direct-path distance to the handhold. The angle of this line segment was determined in relation to a line segment connecting the movement-onset hand position to the 50%SW handhold position (see inset in Fig. 4a ).
Repeated-measures analysis of variance (ANOVA) and post hoc Tukey's multiple comparisons were performed to test the hypotheses. The primary dependent variables were: (1) reach timing (reaction-onset, movement time, and contact time); (2) initial trajectory angle; (3) reach velocity (peak velocity, time-to-peak-velocity, and time-after-peakvelocity); (4) reach accuracy; (5) variability in reach accuracy; and (6) frequency of full grasp. The reach accuracy and variability variables were analyzed separately in each coordinate direction and were expressed as a proportion of subject height prior to analysis. The primary focus was on effects due to visual condition. Handhold side (left or right) and eccentricity (50 or 75% of SW from midline) were also included as factors to account for variation due to these factors, and any significant interactions with visual condition were noted. All data were ranktransformed prior to analysis to avoid errors arising from potential violations of the assumptions underlying the ANOVA (Conover and Iman 1981) . The criterion level of significance was 0.05.
For frequency variables, the proportion of trials in which the event was observed was calculated within each subject, for each of the twelve experimental conditions (three visual conditions 9 four handhold locations), and the ANOVA was performed on the rank-transformed proportions. To analyze accuracy variability, the standard deviation of the grasp error was determined within each subject, for each of the twelve experimental conditions, and the ANOVA was performed on the rank-transformed standard deviations. For all of the other variables, rank-transformed data from individual trials were used. Each subject performed 48 trials; therefore, there were a total of 576 trials potentially available for analysis. Trials in which subjects initiated the arm movement prematurely (EMG latency \70 ms) failed to react rapidly to the perturbation (EMG latency [250 ms, movement time [550 ms, or contact time [750 ms) or did not reach for the handhold were excluded from the analyses (n = 11). In addition, due to technical problems with the motion-analysis system, one subject was excluded from the accuracy analyses, and two subjects were excluded from the trajectory analyses.
Results
All twelve subjects completed the protocol, and all were well able to recover balance by reaching to grasp the handhold. None of the subjects fell into the safety harness (maximum harness loading \5% body-weight) or attempted to step to recover balance (by kicking the foam barriers out of the way). The reach failed to contact the handhold in only 0.71% (4/565) of trials, and collision between the back of the hand and the handhold occurred in only 0.88% (5/565) of trials (these missed-or inadvertent-contact events were invariably followed by a trajectory correction and successful prehension). Subjects never reached with the ''wrong'' arm (contralateral to the handhold location); however, six of the twelve subjects occasionally raised both arms prior to completing the reach with the ''correct'' arm (1 of 48 trials in four subjects, 3 trials in one subject, and 9 trials in one subject). This tendency was dependent on visual condition [F(2,22) = 4.04, p = 0.032] and was more likely to occur in online-VSI trials (6.4% of trials vs. 2.1% of normal-VSI and 0.0% of stored-VSI trials). Examples of typical reach trajectories are shown in Fig. 2 .
Timing and speed of motion Mean reaction-onset time, movement time, and contact time were all affected significantly by the visual condition [F(2,22) [ 15.33, p's \ 0.0001; see Fig. 3a ]. As hypothesized, movement times were prolonged when dependent on online-VSI (369 vs. 347 ms for normal-VSI and 345 ms for stored-VSI). Reaction-onset times were also slower when dependent on online-VSI, in comparison with stored-VSI trials (158 vs. 143 ms), but did not differ when compared to normal-VSI trials (162 ms). As a consequence of the slowing in both reaction-onset time and movement time, handhold contact occurred significantly later in online-VSI trials, in comparison with both of the other visual conditions, whereas the earliest contact times occurred in stored-VSI trials (527 ms for online-VSI vs. 509 ms for normal-VSI vs. 487 ms for stored-VSI). Visual condition also had a significant effect on peak velocity [F(2,18) = 4.10, p = 0.034], time-to-peak-velocity [F(2,18) = 3.85, p = 0.041], and time-after-peak-velocity [F(2,18) = 5.57, p = 0.013]; see Fig. 3b . Again, the timing was prolonged during online-VSI trials (time-to-peak-velocity: 210 vs. 203 ms for stored-VSI and 201 ms for normal-VSI; time-afterpeak-velocity: 153 vs. 146 ms for normal-VSI and 143 for stored-VSI). The velocity was slower in online-VSI trials (3.14 m/s) in comparison with normal-VSI trials (3.30 m/s), but not in comparison with stored-VSI trials (3.14 m/s).
Reach trajectory
Although there was no main effect of visual condition on the angle of the initial reach trajectory in the transverse plane [F(2,18) = 0.18, p = 0.84], there was a significant Fig. 2 Example transverse-plane hand trajectories from a representative subject. In the trials shown, the handhold was located to the right of midline. Each panel corresponds to one of the three visual conditions and shows the trajectories for the four trials where the handhold location was 50% of shoulder-width (SW) from midline (thin gray lines) and the four trials where the handhold location was 75% of SW from midline (thicker black lines). The trajectories have been adjusted, so that the starting position of the hand marker (at time of movement onset) is at the origin of the coordinate system; the center of the handhold relative to this coordinate system is indicated, for each trial, by an encircled (and shaded) number (1-8) that matches the unshaded number displayed at the endpoint of the corresponding trajectory. The square or triangular symbol superimposed on each trajectory indicates the hand-marker position 100 ms after onset of hand movement. Note that the direction of this initial 100 ms of hand movement was modulated according to handhold location in normal-and stored-VSI trials, whereas online-VSI trials showed a tendency for the hand to move initially toward the 50%SW handhold location regardless of the actual handhold location (necessitating a subsequent trajectory correction in trials where the handhold was actually located at the 75%SW position) Exp Brain Res (2012) 218:589-599 593 interaction between handhold eccentricity and visual condition [F(2,18) = 9.5, p = 0.0016]; Fig. 4a . Specifically, online-VSI trials appeared to exhibit less handhold-eccentricity-dependent modulation of the initial trajectory direction. In these trials, the mean difference in initial trajectory angles between the 50%SW and 75%SW handhold positions was 8°versus 14°for normal-VSI and 21°f or stored-VSI trials. Note that the 8°difference in online-VSI trials was considerably smaller than the mean angular difference in the actual handhold locations (16°). Consistent with these findings, analysis of deviations from the direct-path to the handhold showed a tendency for medial deviation during online-VSI trials involving the more lateral handhold positions (75%SW from midline); see Fig. 4b . Such medial deviation would tend to cause the trajectory to be more similar to the trajectory used when the handhold was in the more medial position (50%SW from midline). The apparent tendency to adopt a ''generic'' initial trajectory in some online-VSI trials is also evident in the example data shown in Fig. 2 ; these example data also illustrate the subsequent trajectory corrections that occurred.
Reach accuracy and variability
Analysis of mean error at hand contact revealed a significant effect due to visual condition in the antero-posterior 
Prehension
Analysis of the type of grasp revealed a small but nearsignificant effect due to visual condition [F(2,22) = 3.30, p = 0.056], with subjects least likely to achieve a full grasp (all digits wrapped around the handhold) when forced to rely on stored-VSI (80% of trials vs. 91% for normal-VSI and 86% for online-VSI; see Fig. 6 ). The failure to achieve a full grasp in some of the stored-VSI trials appeared to be associated with the aforementioned tendency to undershoot the handhold in the antero-posterior direction. The most common consequence of the undershoot was a hook grip, in which the fingers hooked onto the Fig. 3 Effect of visual condition on mean reach-tograsp speed: a timing (reactiononset, movement, and handhold-contact times); and b hand velocity (peak velocity, time-to-peak-velocity, and timeafter-peak-velocity). Note the slowing of the reaction in online-VSI trials, in comparison with stored-VSI and/or normal-VSI trials. * indicates a significant difference between means (a = 0.05); whiskers indicate standard deviations (2012) 218:589-599 595 top of the handhold (without palmar contact) and the thumb failed to wrap around the undersurface of the handhold (11% of trials for stored-VSI vs. 5% for online-VSI and 3% for normal-VSI; see Fig. 6 ).
Discussion
Subjects were generally well able to achieve a functionally adequate grasp and prevent themselves from falling despite the experimental manipulations in access to visuospatial information (VSI). These findings thus indicate that either online-VSI or stored-VSI alone can be sufficient to guide functional reach-to-grasp reactions in response to sudden unpredictable balance perturbation. It appears, however, that both sources of VSI are required for optimal performance. As hypothesized, reach initiation and arm movement were slowed when dependent on online-VSI (in comparison with stored-VSI trials), whereas reach accuracy and ability to achieve a full grasp were reduced when dependent on stored-VSI (in comparison with online-VSI trials). Comparison with the normal-VSI trials suggests that both sources of VSI were utilized under normal visual conditions, whereby stored-VSI facilitated rapid initiation and transport and online-VSI facilitated accurate target acquisition and prehension. The slowing in mean reaction-onset time observed in online-VSI trials presumably served to buy more time to acquire and process the VSI needed to select the appropriate limb and to plan the initial portion of the reach trajectory, whereas the slowing of the arm movement (and prolongation of the time-after-peak-velocity) presumably served to further increase the time available to formulate and execute online trajectory corrections during the later stages of the reach (Khan et al. 2006 ). There was also evidence of a tendency to preplan a ''generic'' initial trajectory in online-VSI trials, which may have helped to avoid delays in response initiation in some trials. Use of a generic initial trajectory, in some proportion of online-VSI trials, is supported by the finding that the mean initial trajectory angle in the transverse plane was less affected by changes in handhold location when dependent on online-VSI. Another possible strategy involved initially raising both arms, prior to selecting which arm to use to grasp the handhold. This could potentially serve to buy time for the VSI-processing needed to select the most appropriate limb, without causing delay in initiating arm movement. Based on online-VSI acquired during the initial raising of the arms, the CNS could then terminate the motion of the ''incorrect'' (contralateral-to-handhold) arm and complete the reach with the ''correct'' (ipsilateral) arm. Further research is needed to investigate whether bilateral-arm-raise does, in fact, lead to faster reach-to-grasp initiation, whether it has other functional benefits [e.g., helping to ''counterbalance'' the backward falling motion of the body (Marigold and Misiaszek 2009)] , or whether these responses were simply a failure to follow the instructions to reach with one arm.
With regard to effects of forced reliance on stored-VSI, the findings supported our hypothesis that this would lead to reduction in mean endpoint accuracy, increase in endpoint variability, and less effective grip formation, in comparison with trials where online-VSI was available. In addition, we found support for our hypotheses that the timing and spatial features of the reaching movement would be similar in stored-VSI and normal-VSI trials; however, there was one exception: Reaction-onset time was significantly faster in stored-VSI trials (by *20 ms, on average). Ghafouri et al. (2004) also found that the forced dependence on stored-VSI had no effect on the initial direction or speed of the reach (in comparison with normal-VSI trials) but, in contrast to the present study, found very little effect (\5 ms, on average) on reaction-onset time. The reason for this discrepancy in Fig. 6 Effect of visual condition on grasping. The different types of grasping behavior that were observed are illustrated by the photographs. The bar graphs indicate the mean and standard deviation for the percentage of trials in which each grasping behavior occurred. Note that the reduced tendency to achieve a full grip in stored-VSI trials was nearly statistically significant (p = 0.056) findings is not clear, but could possibly be related to the level of postural challenge. Potentially, the larger perturbation magnitudes used by Ghafouri et al., and associated arousal levels (Carpenter et al. 2004) , served to evoke the most rapid reactions possible, independent of visual condition, whereas the less challenging perturbations used here may have allowed less rapid responses to suffice in the less challenging visual condition, that is, normal-VSI trials.
Other than the work by Ghafouri et al. (2004) , we are not aware of any other studies addressing the contributions of stored-or online-VSI to the control of perturbationevoked reach-to-grasp reactions. However, this issue has been addressed in the context of perturbation-evoked lower-limb movements, that is, stepping reactions evoked by sudden platform translation (Zettel et al. 2005 (Zettel et al. , 2007 Scovil et al. 2008) . Similar to the present findings, these studies have suggested that the initiation of the limb movement is typically governed by stored-VSI and that forced reliance on online-VSI can adversely affect response initiation. For example, in a study that required the step to be directed through a narrow, unpredictably located aperture, use of liquid-crystal goggles to force reliance on online visual control led to delay in foot-off time (by *50 ms), as well as increased tendency to step with the ''wrong'' foot (i.e., contralateral to the aperture location) and to contact the barrier while moving the foot through the aperture (Scovil et al. 2008) .
Step-reaction studies have also indicated that stored-VSI can generally suffice in guiding the final phases of the limb movement; however, an increased tendency to look downward when required to land the foot on a target suggests that online-VSI may play a role when accurate endpoint control of the foot is required (Zettel et al. 2005 .
The presently observed tendency to undershoot targets when dependent on stored-VSI has also been reported to occur in young adults in previous studies of volitional arm movements (Elliott et al. 1999; Westwood et al. 2003) . It has been suggested that this might be a strategy to ensure that the hand does not collide with the target (in the absence of any opportunity for visually guided online corrections to the reach trajectory) and/or a strategy to avoid time-consuming reversals in reach direction (which would be required in the event of overshoot error) (Elliott et al. 1999) . Alternatively, the undershoot error could reflect a failure to fully compensate for the backward body motion induced by the forward platform translation, a misrepresentation of the target position stored in memory (Flanders et al. 1992) , or a time-dependent decay in the accuracy of the stored target information (Lemay and Proteau 2002) . The latter, however, would be expected to lead to increase in antero-posterior endpoint variability (based on studies of volitional pointing and grasping tasks (Khan et al. 2006) ), but this was not observed in the present study.
The mean changes in reaction timing and accuracy due to the visual manipulations were relatively small (*40 ms or less and *30 mm or less) and did not prevent subjects from achieving a functionally adequate grasp and recovering equilibrium; however, the presently observed errors and delays in contacting the handhold may have a greater functional impact when responding to larger perturbations. The present perturbation magnitudes were selected (based on our previous studies) to be large enough to force a need to grasp for support (but not so large as to evoke stepping reactions); however, because subjects were instructed to grasp in all trials, we cannot ascertain the degree to which grasping was actually needed to augment the stabilization provided by the lower-limb ''feet-in-place'' postural reactions that occur in conjunction with reach-to-grasp reactions (McIlroy and Maki 1995) . Presumably, larger perturbations will require larger stabilizing hand-handhold reaction forces to be generated and hence may require a stronger grip. Some of the ''partial'' grips that were sufficient to stabilize the body in the present study may prove to be inadequate in responding to larger perturbations; hence, grasp-accuracy demands may increase. In addition, larger perturbations will demand more rapid responses. Further work is needed to determine whether the increased accuracy and speed-of-response demands imposed by larger perturbations will affect the extent to which functionally effective reach-to-grasp reactions can be executed using stored-or online-VSI.
Further work is also needed to assess the degree to which the present findings generalize to daily life situations, which are likely to involve complex environments and balance perturbations that are completely unexpected and highly unpredictable. In contrast, the task conditions in the present study were limited to a finite number of options (two perturbation directions/magnitudes and four handhold locations), and subjects were given prior instruction to respond to the perturbation by grasping the handhold. Such task conditions may have allowed the CNS to take advantage of its capacity to encode motor commands for multiple trajectories/directions simultaneously prior to action selection (Cisek and Kalaska 2010) . In addition, more complex environments are likely to require a more extensive visual-search to locate an appropriate handhold, which could further delay and jeopardize successful completion of reach-to-grasp reactions in situations where the CNS is forced to rely on online visual control, especially when the perturbation is truly unexpected.
Further work is also needed to examine situations where the VSI must be stored in spatial memory for some interval of time prior to perturbation onset. Such a situation could occur in daily life, for example, when potential handhold locations are mapped via natural exploratory gaze behavior upon first entering an environment, but the balance perturbation occurs several seconds later. Studies of volitional arm movements indicate that the accuracy of the VSI stored in spatial working memory decays rapidly (Elliott and Madalena 1987; Hu et al. 1999) . For example, a 2-s delay between vision-occlusion and onset of an auditory cue to initiate arm movement led to increased endpoint variability, undershoot error, reaction time, and movement time (Hu et al. 1999; Lemay and Proteau 2002; Westwood et al. 2003) . Finally, it will also be of interest to determine whether visual fixation of the handhold occurred during online-VSI trials (subsequent to the offset of visual occlusion) or whether these reactions were guided by peripheral vision. The wearing of the liquid-crystal goggles precluded use of an eye-tracker in the present study; however, it may be possible to address this question using other methods to record eye movements or by using special contact lenses to force reliance on peripheral or central vision (Sivak and MacKenzie 1990) . Work is in progress to address these issues.
Conclusion
The results of this study indicate that either stored-VSI or online-VSI is sufficient to guide rapid perturbation-evoked reach-to-grasp reactions with a level of accuracy that is sufficient to achieve a functional grasp, even when the handhold is small and the location of the handhold is varied in an unpredictable manner prior to perturbation onset. However, it appears that both sources of VSI are required for optimal performance, as reach initiation and arm movement were slowed when dependent on online-VSI and reach accuracy and grip formation were impaired when dependent on stored-VSI. Nonetheless, despite these performance decrements, our findings suggest that either stored-or online-VSI alone can be an adequate source of information for guiding functionally effective reach-tograsp balance-recovery reactions. Further work is needed to establish whether this remains the case when responding to larger and completely unexpected perturbations in more complex and unpredictable environments and situations, and to determine the effects of age-related impairments in the capacity to rapidly process online-VSI or to accurately store VSI in spatial working memory.
